ABSTRACT: Nigerian neonates have a high incidence of bilirubin encephalopathy. Glucose-6-phosphate dehydrogenase (G-6-PD) deficiency is prevalent in this population. (TA) 7 promoter polymorphism in the gene encoding the bilirubin conjugating enzyme UDP-glucuronosyltransferase 1A1 (UGT1A1) potentiates hyperbilirubinemia in G-6-PD deficient neonates. We studied (TA) n allele frequency to determine, at least in part, its contribution to the frequency and severity of hyperbilirubinemia. DNA was extracted from umbilical cord blood of sequentially born Nigerian neonates and the (TA) n UGT1A1 promoter sequence determined. The (TA) n allele distribution was compared with reported adults of varying African ancestry and Sephardic Jewish neonates. Among 88 Nigerian neonates, (TA) 6 and (TA) 7 alleles were almost equally distributed (0.46 and 0.43, respectively). Some individuals with (TA) 5 and (TA) 8 sequences were encountered. Allele distribution was similar to that of the African ancestry population but differed from the Sephardic Jewish newborns, in whom the (TA) 6 /(TA) 7 distribution was 0.65/ 0.35. Whereas 45% of Nigerian alleles and 50% of African ancestry alleles, respectively, included a (TA) 7 or (TA) 8 sequence, only 35% of Jewish alleles were (TA) 7 (p Ͻ 0.001), and no (TA) 8 alleles were encountered. The high frequency of (TA) n promoter polymorphism, coupled with G-6-PD deficiency, may contribute to the pathogenesis of extreme neonatal hyperbilirubinemia in Nigeria. 
N igerian neonates are affected by a high incidence of severe hyperbilirubinemia, bilirubin encephalopathy, and hyperbilirubinemia-associated mortality (1) . Many of these cases occur in neonates who are also glucose-6-phosphate dehydrogenase (G-6-PD) deficient. In G-6-PD deficient (Mediterranean mutation) neonates, an interaction has been described by which the incidence of neonatal hyperbilirubinemia is increased because of the presence, either in its heterozygous or homozygous form, of the (TA) 7 promoter sequence of the UDP-glucuronosyltransferase 1A1 gene (UGT1A1) (2) . This gene encodes the bilirubin conjugating enzyme, UDP-glucuronosyltransferase isoform 1A1 (UGT1A1) (3) . In Caucasian populations, the usual (wildtype) form of the gene promoter contains a TATAA box with a sequence of six thymine-adenine repeats [(TA) 6 ] and coexists with the (TA) 7 polymorphism in a ratio of approximately 2/3:1/3. This mutation is also known as UGT1A1*28 and, in adults, in its homozygous form, is associated with Gilbert syndrome (4, 5) . Because both (TA) 5 and (TA) 8 sequences may occasionally be encountered, we also use the designation (TA) n in this report, where n refers to the number of (TA) repeats. In contrast with Caucasians, in a study of individuals of varying African descent, it was demonstrated that the (TA) 6 and (TA) 7 alleles were distributed almost equally (0.43 and 0.47, respectively) (6). It appeared likely, therefore, that an increased (TA) 7 allele frequency would be found in indigenous Nigerians as well. Preponderance of this allele might exacerbate the intensity of the interaction with G-6-PD deficiency, thereby possibly predisposing to the high incidence of extreme hyperbilirubinemia in these neonates.
Our objective in the current study was to determine the (TA) n allele distribution in a cohort of indigenous Nigerian newborns. To our knowledge, this allele frequency has not been determined in native Africans.
METHODS
The study was approved by the Institutional Review Boards of the Eku Baptist Hospital, Eku, and the Jos University Teaching Hospital, Jos, both in Nigeria. Both boards waived the need for obtaining informed consent. The subjects for this study comprised consecutively delivered, term, otherwise healthy neonates who were born at these hospitals. After delivery of the baby and placenta, blood was collected from the umbilical cord and stored in the form of dried blood spots on Guthrie paper. These blood samples were shipped to the Shaare Zedek Medical Center in Jerusalem, Israel for extraction of DNA and analysis of the UGT1A1 (TA) n promoter polymorphism.
Laboratory methods. DNA was extracted from 3.5 mm punches of the blood spots using a high salt extraction technique (7) . UGT promoter genotypes were determined on a Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA) by size discrimination using 5=-fluorescently labeled polymerase chain reaction (PCR) primers surrounding the (TA) n polymorphism and analyzed using GeneScan (Applied Biosystems) software. PCR was carried out using the primers gilb 55F: 6FAM-TGGATCCTGAGGT-TCTGGAAGT, and gilb 415R: cagcatgggacaccactgg (Applied Biosystems) at an annealing temperature of 54°C for 35 cycles in a buffer containing 1.5 mM MgCl 2 . Fragment size was correlated with the (TA) n polymorphism and verified by sequencing a selected set of fragments.
Data analysis. Allele distribution of the various UGT promoter (TA) n sequences, including (TA) 5 , (TA) 6 , (TA) 7 , and (TA) 8 , was determined. Similarly, the various UGT promoter genotypes, comprised of combinations of (TA) n alleles, were established. These gene distributions were compared with previously reported adults from North and Central America who had varying degrees of African ancestry, on the one hand (6), and previously reported Sephardic Jewish neonates, on the other (8, 9) . The Sephardic Jewish studies had been analyzed in the same Jerusalem laboratory as were the Nigerians. Allele and genotype frequencies were compared between the population groups using 2 analysis.
RESULTS
Dried blood spots were received from a convenience sample of 88 Nigerian-born neonates. Of 176 possible (TA) n alleles, 12 were (TA) 5 (allele frequency 0.07), 82 (TA) 6 (0.46), and 78 (TA) 7 (0.44). Four alleles were (TA) 8 (0.02) ( Table 1) . Genotype distribution is summarized in Table 2 .
In contrast with the Sephardic Jewish population in which the (TA) 6 allele was clearly the wild type and comprised two thirds of these alleles, in both indigenous and African ancestry populations, the (TA) 6 and (TA) 7 alleles were almost equally represented. Neither (TA) 5 nor (TA) 8 alleles were found in the Jewish group. Whereas 45% of Nigerian alleles and 50% of African ancestry alleles had a (TA) sequence of (TA) 7 or (TA) 8 , only 35% of Jewish alleles were (TA) 7 (p Ͻ 0.001), and no (TA) 8 alleles were encountered. Similarly, the combined number of Nigerian and African ancestry individuals with a (TA) promoter genotype of (TA) 7 /(TA) 7 or larger was greater than that of the Jewish population group [46/189 (24.3%) vs 36/262 (13.7%), p ϭ 0.006].
DISCUSSION
The serum total bilirubin (STB) concentration, at any point in time, represents the contributing forces of bilirubin production, primarily from the catabolism of heme, on the one hand, and the elimination of bilirubin from the body, primarily by hepatic conjugation and subsequent excretion, on the other (10) . As long as there is equilibrium between these processes, the STB should remain within the physiologic range and not pose a danger (11) . However, bilirubin production-elimination imbalance may lead to excessive accumulation of bilirubin with resultant hyperbilirubinemia. The bilirubin conjugation process is governed in the hepatocyte by the conjugating enzyme UGT1A1. The most common form (wild type) of the encoding UGT1A1 gene contains a sequence (TA) 6 TAA in the TATAA box of its promoter [(TA) 6 , in brief] (3). Insertion of additional (TA) sequences, resulting in a (TA) 7 or occasionally (TA) 8 sequence, causes progressively diminished expression of the UGT1A1 promoter (6) . Because the coding area of the gene is unaffected, the UGT1A1 enzyme itself will be normally structured. However, the decreased promoter expression results in less protein and, therefore, lower enzymatic activity. Adults with Gilbert syndrome have been demonstrated to be homozygous for the (TA) 7 promoter allele (4, 5) .
Previous studies have shown a propensity for diminished bilirubin conjugation in the pathophysiology of neonatal jaundice in G-6-PD deficient neonates compared with G-6-PD normal controls (12) . This was determined to be the result of interaction between G-6-PD deficiency and the (TA) 7 UGT1A1 promoter sequence, both in its heterozygous and homozygous forms. Combination of the (TA) 7 sequence and G-6-PD deficiency increased the incidence of neonatal hyperbilirubinemia, defined as any STB concentration of 15.0 mg/dL or greater, in a stepwise, allele dose-related fashion (2) . Interestingly, in the absence of G-6-PD deficiency, the (TA) 7 allele did not act as a risk factor, and, conversely, in the absence of the (TA) 7 polymorphism, G-6-PD deficiency did not act as a risk factor for hyperbilirubinemia. In the steady state, the (TA) 7 mutation, rather than increased hemolysis, has been demonstrated to have a fundamental role in determining higher STB concentrations in G-6-PD deficient (TA) 7 /(TA) 7 homozygotes compared with (TA) 6 /(TA) 6 homozygote or (TA) 6 /(TA) 7 heterozygote counterparts (9) .
Because (TA) 7 UGT1A1 promoter polymorphism potentiates hyperbilirubinemia in neonates with G-6-PD deficiency, we asked whether the allele frequency of the mutant UGT1A1 gene promoter might be higher in the Nigerian population than in Caucasians, explaining, at least in part, the high incidence of bilirubin-associated mortality and morbidity among Nigerian neonates. The only study among related population groups of which we are aware is the above-mentioned report of Beutler et al. (6) . These authors determined the (TA) n distribution among Central and North American individuals of varying degrees of African ancestry. Although STB concentrations were not available for these individuals, UGT1A1 (8, 9) neonates are included for reference and comparison. Whereas the (TA) 6 and (TA) 7 allele distribution was similar in both indigenous Nigerian and varying African descent groups, there was a clear preponderance (wild type) of (TA) 6 alleles in the Sephardic Jewish group. 6 5 (5.7) 2 (2) -(TA) 5 /(TA) 7 5 (5.7) 5 (5) -(TA) 6 /(TA) 8 1 (1) 4 (4) -(TA) 6 /(TA) 6 19 ( promoter allele frequency greater than (TA) 6 was found in 50% of tested individuals. This would be expected to diminish gene expression, diminish enzyme activity, and increase the STB concentration, compared with Caucasian counterparts. Because the distribution of (TA) 6 , (TA) 7 , and (TA) 8 alleles in the African ancestry individuals may have been altered by intermarriage, we predicted that, in indigenous Nigerians, an even greater preponderance of (TA) 7 and (TA) 8 alleles than that of the African Americans of varying ancestry may be found. However, although the Nigerian (TA) 7 allele frequency did contrast with the distribution in Caucasian populations, their (TA) n distribution was similar to that of the varying ancestry Africans, suggesting a minimal role of intermarriage in moderating the allele distribution. G-6-PD deficient neonates have both an inherent degree of increased bilirubin production and a predisposition to diminished bilirubin conjugation (12) (13) (14) . The combination of these processes may lead to bilirubin production-conjugation imbalance, with the potential of hyperbilirubinemia (15) . In most cases, this hyperbilirubinemia is moderate and responds to phototherapy. In extreme cases, a chemical or infective trigger may stimulate hemolysis. When this process acts on the backdrop of already increased hemolysis and diminished bilirubin conjugation, extreme hyperbilirubinemia may result. We suggest that the greater allele frequency of (TA) 7 and (TA) 8 alleles in G-6-PD deficient Nigerian neonates might further increase this inherent imbalance between bilirubin production and conjugation. Any additional lack of equilibrium such as sudden increased hemolysis or further conjugation deficiency (e.g., prematurity) may potentiate extreme hyperbilirubinemia, with the potential of bilirubin-associated morbidity or mortality.
G-6-PD deficiency plays a major role in the pathogenesis of severe neonatal hyperbilirubinemia in Nigeria. Slusher et al. (1) found that 31% of 45 clinically jaundiced infants were G-6-PD deficient, of whom 36% died of presumed kernicterus. Similarly, Owa (16) reported that 62.3% of 106 severely jaundiced Nigerian neonates were G-6-PD deficient compared with 13.3% of 128 nonjaundiced controls. Despite their higher frequency of the (TA) 7 promoter polymorphism, African American neonates, overall, have a lower prevalence of neonatal jaundice compared with Caucasian counterparts (17) . However, within the African-American neonatal group is a subgroup of G-6-PD deficient infants with a high incidence of neonatal hyperbilirubinemia (14) . Most likely, coupling of genetic factors, including G-6-PD deficiency and (TA) 7 promoter polymorphism, leads to neonatal hyperbilirubinemia rather than any either of these factors individually.
Our findings may have further-reaching implications as well. Of 125 neonates recently reported from the U.S. based Pilot Kernicterus Registry, both African-American background as well as G-6-PD deficiency were overrepresented relative to their expected frequency in the overall U.S. population (18) . Frequently, G-6-PD deficiency and AfricanAmerican ethnicity were encountered in combination. Because 11-13% of African Americans are G-6-PD deficient (14,19 -22) , and the ancestry of many can be presumed to be West African, the mechanism proposed for hyperbilirubinemia in G-6-PD deficient Nigerian neonates may also be contributory to that of G-6-PD deficient African-American infants in the United States.
